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Abstract.  The net export of adults (spillover) is an important though contentious benefit of 24 

marine protected areas (MPAs).  Controversy over spillover often exists because though intuitive 25 

arguments and theoretical modeling are prevalent, it is difficult to discern empirically. In 26 

addition, of those studies that have provided empirical evidence of spillover, few have 27 

demonstrated tangible benefits to fishery yield and nearly all of those are from shallow reef 28 

ecosystems.  Here we examined two deepwater MPAs called bottomfish restricted fishing areas 29 

(BRFAs) in the Main Hawaiian Islands, established to benefit a complex of species collectively 30 

called the Deep 7.  To study these fish we used a non-extractive baited camera system and 31 

fishery landings data.  These data provided evidence of spillover for at least three of these 32 

species and benefits to fishery yield.  Relative abundance, fish size, and species richness declined 33 

with distance from BRFAs, signifying that the recovering Deep 7 community inside these 34 

reserves had begun to spillover the boundary of the BRFAs and that BRFAs were a source of 35 

more and larger fish to fished areas.  Further, a temporal analysis of these spatial trends indicated 36 

that declining fish length, MaxN, and species richness did not always exist but only developed in 37 

the most recent years.  In addition, changes in fish size over time suggested both density 38 

independent and dependent processes contributed to spillover.  Displaced fishing effort also 39 

likely caused initial declines in Etelis coruscans size and catch data that increased in later years. 40 

Identifying the ability and time span for a MPA to begin to benefit a fishery is crucial to 41 

resolving debates regarding the use of MPAs in fisheries management.  Further, this is the first 42 

study to provide empirical evidence of spillover from deepwater protected areas and one of the 43 

first to temporally examine spatial trends around MPAs.   44 

Key words: spillover; marine protected area; bottomfish; deepwater; density dependent; density 45 

independent; displaced fishing effort. 46 
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Introduction 47 

The use of marine protected areas (MPAs) as spatial tools to maintain or enhance local 48 

fisheries has been extensively debated over the last several decades (Roberts & Polunin 1991; 49 

Bohnsack 1996; Agardy et al. 2003; Halpern 2003; Hilborn et al. 2004; Kaiser 2005; White and 50 

Kendall 2007; More and Sale 2011).  Much of this debate focuses on the theory that exploited 51 

populations inside an MPA will grow and ultimately export adults (spillover) and recruits (larvae 52 

and/or juveniles) into surrounding fished areas, benefiting local fisheries (McClanahan and 53 

Mangi 2000; Sales et al. 2005; Kerwath et al. 2013).  Controversy over spillover often exists 54 

because though intuitive arguments and theoretical modeling are prevalent, it is difficult to 55 

discern empirically (Roberts and Polunin 1991; Kellner et al. 2007; White and Kendall 2007; 56 

Halpern 2014). One of the reasons spillover is difficult to distinguish is that there are numerous 57 

other factors that can influence fish populations in open ocean environments and distinguishing 58 

population changes related to protection alone can be difficult.  Further, it often takes several 59 

years to decades, depending on the life history of the target species, for spillover to begin and be 60 

statistically recognized in monitoring data; a much longer time span than many monitoring 61 

programs (Molloy et al. 2009; Babcock et al. 2010; Russ and Alcala 2010; Russ and Alcala 62 

2011).  In addition, protected areas require a form of data collection that is non-extractive, often 63 

relying on diver surveys and baited camera systems to measure relative abundance, which is 64 

often highly variable and statistically difficult to analyze (Pennington 1983; Stefánsson 1996; 65 

Martinez et al. 2011; Smith et al. 2012).   66 

Despite these limitations, studies have shown how relative abundance, size, and 67 

biodiversity of exploited species have increased just outside of well designed and managed 68 

MPAs (Russ and Alcala 1996; McClanahan and Mangi 2000; Russ et al. 2004).  Indeed, a recent 69 
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study by Russ and Alcala (2011) demonstrated that after 25 years of protection the high level of 70 

biodiversity and community complexity inside the MPA had extended beyond the boundaries 71 

into adjacent fished areas due to the spillover of multiple species.  While some have provided 72 

evidence of spillover few have demonstrated tangible benefits to fishery yield (Abesamis et al. 73 

2006; Kerwath et al. 2013) and of those that have, nearly all are from shallow reef ecosystems 74 

(McClanahan and Mangi 2000; Roberts et al. 2001; Russ et al. 2004; Abesamis and Russ 2005).  75 

Thus, controversy still remains on whether spillover from MPAs is a reliable benefit to fisheries 76 

management, particularly in environments other than shallow reef ecosystems.        77 

Among the Main Hawaiian Islands (MHI) there is a system of deepwater MPAs called 78 

bottomfish restricted fishing areas (hereafter referred to as BRFAs) that were initially established 79 

in 1998 and revised in 2007 by the State of Hawai‘i, Department of Land and Natural Resources.  80 

These BRFAs were created in response to declining catch rates and spawning potential ratios of 81 

an exploited group of fish called the Deep 7 (Ralston et al. 1986; Haight et al. 1993; Kelley et al. 82 

2006; Parke 2007).  The Deep 7 refers to a complex of deepwater bottomfish species that are 83 

relatively site attached and includes six snappers (Lutjanidae) in the subfamily Etelinae: 84 

deepwater red snapper Etelis carbunculus, deepwater longtail red snapper E. coruscans, crimson 85 

jobfish Pristipomoides filamentosus, lavender jobfish P. sieboldii, oblique-banded snapper P. 86 

zonatus, rusty jobfish Aphareus rutilans, and one grouper (Serranidae): Hawaiian grouper 87 

Hyporthodus quernus (Haight et al. 1993; Kelley et al. 2006).  Of these the most economically 88 

important are E. carbunculus, E. coruscans, and P. filamentosus.  These BRFAs restrict 89 

bottomfish harvest and protect the deepwater environment.  Surface waters, however, are open to 90 

fishing for pelagic species such as tuna. 91 
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Monitoring of the BRFAs began after their revision in 2007, following detailed mapping 92 

of the seafloor to include more essential fish habitat (EFH; Rosenberg et al. 2000; Moffit 2006; 93 

Parke 2007; Kelley and Moriwake 2012; Sackett et al. 2014).  Our previous work analyzing the 94 

first four years of monitoring data (2007-2011) from a subset of these BRFAs found that mean 95 

fish length, and in some cases abundance, increased for one or more of the most economically 96 

important Deep 7 species inside, while outside fish sizes and relative abundance declined or 97 

stayed the same (Sackett et al. 2014).  98 

Monitoring continued in two of the BRFAs following that study, both of which had their 99 

boundaries expanded in 2007 (Makapu‘u from 10.2 km
2
 to 220.2 km

2
; Penguin Bank from 54.7 100 

km
2
 to 268.6 km

2
).   The six years of data (2007-2013) obtained from these two BRFAs were the 101 

focus of this study.  Here we provide evidence that spillover began to occur in the fifth and sixth 102 

year of monitoring using fish size, relative abundance and species richness data collected from 103 

2007-2013 with a baited camera system and fishery landings data collected by the Hawaii 104 

Division of Aquatic Resources (DAR) from 2007-2014.   105 

Methods 106 

Data collection and synthesis 107 

Data collected in this study are part of an ongoing monitoring program examining 108 

deepwater bottomfish populations in the MHI using a fishery-independent approach, baited 109 

stereo-video camera system (BotCam).  Consequently, detailed data collection methods, video 110 

analysis methods, and sampling strategies were previously described in Moore et al. (2011), 111 

Misa et al (2013) and Sackett et al. (2014).  Briefly, the camera system used two paired ultra 112 

low-light video cameras that enabled accurate fish identification and length measurements under 113 

ambient light conditions to a depth of 310m (Shortis et al. 2008; Watson et al. 2010).  In 114 
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addition, 0.04km
2
 (200m x 200m) sample grid cells created in and around the two BRFAs 115 

(Penguin Bank and Makapu‘u; Figure 1) were randomly chosen, though stratified by protection 116 

(fished/unprotected or unfished/protected) and habitat to ensure comparisons inside and outside 117 

the protected areas were equivalent.  The camera system was left to record 3m above the sea 118 

floor for approximately 40mins at each sample site.  These specifications allowed our system to 119 

target the Deep 7, which are closely associated with the benthos and/or school in the water 120 

column above it (Sackett et al. 2014).  Habitat designations were classified by slope (high ≥ 20 121 

degrees, low < 20 degrees) and substrate type (hard = consolidated hard rocky substrate, soft = 122 

unconsolidated soft substrate) for every 0.04km
2
 area based on multibeam bathymetry and 123 

backscatter data (Misa et al. 2013).  Relative abundance data for each sample was recorded using 124 

a metric call MaxN or the maximum number of fish observed in a single frame of the video 125 

(Parrish 1989; Priede et al. 1994; Moore et al. 2011).  Species not seen were given a value of 126 

zero.  In addition, because each species does not occupy the entire depth range sampled (90-127 

310m), data collected outside of a species preferred depth range were excluded from the MaxN 128 

database (Misa et al. 2013; Sackett et al. 2014).  Fork lengths for a single species were also 129 

measured only once during a video; when the most measurable fish were visible on both 130 

cameras.  Species richness was measured by a count of the number of Deep 7 species that were 131 

present in a single video. 132 

Statistical approach 133 

We focused much of our analyses on the three most economically important and 134 

abundant of the complex of deep-dwelling bottomfish species called the Deep 7 (E. carbunculus, 135 

E. coruscans, and P. filamentosus; Haight et al. 1993; Kelley et al. 2006; Sackett et al. 2014).  136 

Where data were sufficient, results for other Deep 7 species are briefly presented as well (Table 137 
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1).  To determine whether spillover was occurring for these species around Penguin Bank and 138 

Makapu‘u BRFAs, we first examined whether fish length, relative abundance (MaxN), and 139 

species richness declined with distance away from each BRFA using simple linear regression 140 

(length data), a generalized linear model with a negative binomial distribution (MaxN data; 141 

Martinez et al. 2011; Smith et al. 2012) and a generalized linear model with a Poisson 142 

distribution (species richness data).  A decline in these metrics with distance from the BRFAs 143 

would indicate that the protected areas were a source of more and larger fish to the fished areas 144 

(i.e. spillover; McClanahan and Mangi 2000; Russ et al. 2004; Forcada et al. 2009; Russ and 145 

Alcala 2011).  Distances were measured as the shortest straight line distance within the 100-146 

400m depth range as this is the depth at which these species reside (Kelley et al. 2006; Parke 147 

2007; Kelley and Moriwake 2012; Weng 2013).  To reduce error we measured the shortest 148 

distance from the BRFA to the sample site within the 100-400m depth range three times in ESRI 149 

ArcMap 10 (ESRI Inc. Redlands, CA, USA) and took a mean from those measurements.  In 150 

addition, those sites greater than 50km away from Penguin Bank BRFA were excluded from 151 

these analyses because of their close proximity to Makapu´u BRFA (~14-20km; see Figure 1).  152 

These analyses also used only those data collected from hard bottom habitat types to ensure 153 

results were not an artifact of differences in habitat type among sample sites and because hard 154 

habitat types are often preferred by Deep 7 species (Kelley et al. 2006; Parke 2007; Misa 2013; 155 

Sackett et al. 2014).  Those sites inside the BRFA were given a distance of zero meters from the 156 

BRFA.  We also examined the first two, second two and last two sampling years separately (e.g. 157 

three separate databases one with sampling years 1 and 2, one with sampling years 3 and 4, and 158 

one with sampling years 5 and 6) to determine whether spatial trends changed over time.  We 159 

also examined differences in fish length over time, again using only data collected in hard habitat 160 



8 

 

types, using non-linear (degree 2 polynomial fit) regression both inside and outside of protected 161 

areas.  A nonlinear approach was chosen to ensure asymptotes and changes in data direction over 162 

time would be accounted for in our analyses.  These analyses were presented using raw values 163 

instead of means to determine if groups of small fish were evident in later sampling years, 164 

presumably due to recruitment.  Further, as these tests were parametric, MaxN and species 165 

richness data were not appropriate for these tests.   166 

We also compared linear model results from Sackett et al. (2014) to model results in this 167 

study, which included the fifth and sixth years of monitoring data.  The same models and 168 

techniques were used in these analyses as were used for Sackett et al. (2014) for consistency in 169 

comparisons. Briefly, standard least squares multiple regression models were used to analyze 170 

length data while generalized linear mixed models using a negative binomial distribution were 171 

used to analyze MaxN and species richness data (Martinez et al. 2011; Smith et al. 2012).  172 

Models accounted for differences in habitat type and depth. Further, Akaike’s Information 173 

Criterion (AICc; Burnham and Anderson 1998) was used to rank candidate models to determine 174 

the model that best explained the variation in fish length, MaxN and species richness data.       175 

Fisheries data collected by DAR from 2007 to 2014 were examined to determine whether 176 

spillover effects were evident in catch data.  These data included effort measured as the number 177 

of trips (representing a day of fishing) anglers took in each fishing area (Figure 1) around the 178 

MHI.  The total annual weight (lbs) and number of fish caught for each Deep 7 species from 179 

2007 to 2014 were also recorded in those same fishing areas.  To determine whether spillover 180 

from Penguin Bank and Makapu‘u BRFAs were having an impact on catch data, we summed 181 

data collected from those fishing areas that intersected each BRFA; thus creating a database of 182 

catch data that surrounded each BRFA.  Catch data (total weight and number of fish caught) 183 
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were then divided by the total number of trips in these areas from each year to standardize catch 184 

by effort and create two catch per unit effort (CPUE) metrics (lbs of fish caught per trip and 185 

number of fish caught per trip).  The CPUE metrics were log10 transformed to meet assumptions 186 

of normality and equal variance then analyzed over time using linear and non-linear (degree 2 187 

polynomial fit) regression to determine which fit the data best (based on the regression 188 

coefficient and a lack of fit test P>0.05).  These analyses were run for pooled data from both 189 

BRFAs, because BRFAs shared a fishing area (see Figure 1), and for each BRFA separately.   190 

Results 191 

Distance from BRFA 192 

 Our spatial analyses of sampling years one and two, years three and four, and the most 193 

recent years five and six demonstrated that declines in fish length, MaxN and species richness 194 

with distance from the BRFAs only developed in the most recent years (Table 2).  For instance, 195 

around Penguin Bank BRFA E. carbunculus (P=0.06, r
2
=0.08), E. coruscans (P<0.05, r

2
=0.04), 196 

and P. filamentosus (P=0.07, r
2
=0.04) lengths increased or remained the same with distance from 197 

the BRFA in the first two years of monitoring.  The same was true for Makapuʻu BRFA (E. 198 

carbunculus: P=0.03, r
2
=0.45; E. coruscans: P=0.85; P. filamentosus: P=0.07, r

2
=0.04).  In 199 

sampling years three and four, E. carbunculus still showed an increase in length with distance 200 

from Makapu‘u BRFA (P=0.04, r
2
=0.37) but had begun to show a decline with distance from 201 

Penguin Bank BRFA (P<0.01, r
2
=-0.20).   Similarly, E. coruscans length also began to decline 202 

with distance from Penguin Bank BRFA in sampling years three and four (P<0.01, r
2
=-0.24).  P. 203 

filamentosus demonstrated either no change (Penguin Bank, P=0.41) or a slight increase 204 

(Makapu‘u, P=0.06, r
2
=0.03) in length with distance from the BRFAs in sampling years three 205 

and four.  MaxN and species richness data showed the same general trends.  In Makapu‘u and 206 
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